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ABSTRACT 

I '  To estimate the times of consciousness, collapse, and survival of animals exposed 
to near-vacuum environments, 126 conscious dogs were rapidly decompressed in either 
1 or 0.2 second.from 35,000 feet, while breathing oxygen, to  a pressure less than 2 mm. 
Hg absolute. Groups of 6 dogs each were exposed to  this low pressure' for periods of 
time ranging from 5 to  180 seconds, with and without prior denitrogenation, and 
then recompressed to  35,000 feet with oxygen in either 5 or 30 seconds. The dogs 
collapsed within 9 to  10 seconds after decompression, as determined from motion 
picture films. Simultaneously, the effects of anoxia, water vapor, and other evolved 
gases were apparent, resulting in a generalized muscle spasticity, a few gasps, 
momentary convulsive seizures, apnea, and gross swelling of the body and extremities. 
All dogs exposed for  less than 120 seconds survived, despite evidence of lung involve- 
ment. Respiration recommenced spontaneously either during recompression or  a t  
ground level, provided the heart was beating; otherwise, death was inevitable. The 
longer the exposure time, the more prolonged was the time for  recovery which 
usually ranged from a few minutes to a few hours, except for  1 dog which exhibited 
a severe postdecompression paralysis with gradual recovery over a period of several 
weeks. Exposures of 120 to  180 seconds resulted in approximately 15% to more than 
80% fatalities, respectively. Denitrogenated dogs tended to show a slightly better 
survival rate. As might be expected, the shorter the exposure time and the faster 

better were the chances for uneventful and 
prompt recovery. 
the recompression rate  
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EXPERIMENTAL ANIMAL DECOMPRESSIONS TO A NEAR-VACUUM ENVIRONMENT 

I. INTRODUCTION 

Despite the fact that  a considerable number 
of studies have been carried out on the effects 
of rapid decompression to high altitudes, there 
is still very little information and data con- 
cerning the actual effects of exposures to  ex- 
tremely low barometric pressures-that is, to 
pressure environments approaching the near- 
vacuum of space. This information is becoming 
increasingly urgent in view of the current 
manned space flights, the programed flights to 
the surface of the moon, and the need for man 
to function safely within a pressure suit in 
space. 

The extensive series of studies carried out 
by Hitchcock and his co-workers ( 5 ) ,  as well 
as by other investigators (2, 3, 4, 6), have 
defined quite clearly most of the effects of 
rapid decompressions to at least 30 mm. Hg 
absolute, using experimental animals. Whether 
or not rapid exposures to even lower ambient 
pressures approaching that of a vacuum result 
in even more profound consequences cannot be 
entirely deduced from this earlier work. Some 
questions that  are still not clear, but must be 
answered with a reasonable degree of confi- 
dence, are concerned with : 

1. Time of consciousness. 

2. Survival time after loss of consciousness. 

3. Extent and type of pathologic effects that might 
occur in the vital organs. 

4. The biologic effects of interstitial and intravas- 
cular water vapor. 

5. The effect of .denitrogenation on the time of 
consciousness, survival, recovery, and residual effects. 

The critical situation confronting an aero- 
space crew should accidental loss of pressure 
be experienced dictated the use of physiological- 
ly normal animals so that the data collected 
would be as valid as was possible to obtain. 
Normal, unanesthetized dogs were therefore 
used ; 126 animals were rapidly decompressed 
to absolute pressures of 1 to 2 mm. Hg. 

11. METHODS 

The experimental procedures and decom- 
pression-recompression profiles are summarized 
in table I. 

In most tests, 3 dogs were simultaneously 
decompressed. The rapid decompressions were 
all from 35,000 feet (180 mm. Hg) with the 
chamber flooded with oxygen. In this way, the 
animals remained unrestrained and hypoxia was 
avoided at this altitude before the decompres- 
sions. No animal was decompressed more than 
once. 

TABLE I 

Experimental procedure 

All decompressions from 35,000 feet 
(in oxygen) 

Decompression times: 1 second (108) 
0.2 second (18) 

Duration of exposures (6 animals in each 
group) 3-5, 10, 30, 60, 90, 120, 135, 
150, 165,180 seconds 

Recompression times: 5 seconds (84) 
30 seconds (27) 

Denitrogenation: 1 hour at ground level 

Type of recompression gas: 

(42) 

Oxygen (117) 
Room air (9) 

Numbers in parentheses are number of animals. 
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Decompression times from 180 to less than 
2 mm. Hg were all approximately 1 second, 
except for 6 faster decompressions (18 dogs) 
which were arranged to  occur within approxi- 
mately 0.2 second. 

Exposure times at the absolute pressure of 
1 to 2 mm. Hg for the various groups of animals 
ranged between 4 and 180 seconds. At least 
2 groups of 3 each were exposed to this low 
pressure for approximately 4, 10, 30, 60, 90, 
120, 135, 150, 165, and 180 seconds. In this 
way the critical times for the onset of uncoc- 
sciousness, survival, recovery, and nonsurviva- 
bility were estimated from the effects on the 
6 animals for each exposure time and for each 
variation in the experimental conditions-Le., 
rate of recompression and time for denitrogena- 
tion before decompression. 

Recompression times to 35,000 feet (180 
mm. Hg) with pure oxygen were 5 seconds 
(28 decompressions, 84 dogs) and 30 seconds 
(9 decompressions, 27 dogs), followed within 
10 to 15 seconds by recompression to ground 
level with room air. For comparison, 3 addi- 
tional decompressions (9  dogs) were carried 
out using air instead of oxygen during 5-second 
recompressions. 

To determine whether or not denitrogena- 
tion before decompression provided any degree 
of protection, 42 dogs (14 decompressions) 
breathed a high concentration of oxygen 
(> 90%) for 1 hour a t  ground level in the 
decompression chamber before the rapid ex- 
posures to low pressure. Decompression times, 
exposure times, and recompression times for 
these denitrogenated animals were similar to 
those already described. 

The time course and chamber pressure 
changes for each decompression were recorded 
through a Statham pressure transducer on a 
Honeywell Visicorder. From these records, the 
time for each decompression could be accurate- 
ly determined, as well as the exposure times 
and the recompression times. In addition, mo- 
tion pictures were obtained for a large number 
of the decompressions, with an appropriate 
timer and pressure gage visible in the pictures. 

With these film records, the precise times for 
complete unconsciousness and collapse could be 
determined, as well as the time required for 
the extensive swelling due to water vapor and 
other evolved gases. Exposure times, recom- 
pression times, and the barometric pressure 
a t  which the emphysematous swelling tended to  
deflate and return to normal during recompres- 
sion were also determined from these film 
records. 

TO establish, as well as possible, UIICOZI= 

piicated baselines for survivability and re- 
covery, no artificial respiration or other 
methods of resuscitation were used on any of 
the animals after recompression to ground level 
pressures. Provided the pulmonary airways 
are open, the process of recompression itself is 
as effective as a deep inspiration for ventilating 
the lungs, regardless of whether or not the 
animals are breathing. Undoubtedly, any re- 
suscitation efforts, including the continuous 
administration of oxygen and possibly “over- 
compression” in a high pressure chamber, would 
have been of additional benefit during the 
process of recovery. 

111. RESULTS AND DISCUSSION 

Survivability, tolerance, and recovery from 
these severe exposures to extremely low pres- 
sures were better than had at first  been an- 
ticipated, particularly in view of the rapid onset 
of virtually complete anoxia, together with the 
boiling effect and gas evolvement in the body 
fluids and tissues. 

Most of the observations that were made at 
this extremely low pressure coincided in many 
respects with those previously reported by Edel- 
mann and Hitchcock (2) for dogs exposed to 
30 mm. Hg absolute. The hemorrhagic lesions 
found in these earlier investigations can, in 
part, be attributed to the extremely rapid de- 
compression rate, reported as 0.03 second, from 
virtually ground level pressures (750 mm. Hg) 
(2) and from 522 mm. Hg to 87 mm. Hg in 
0.012 second (3). The decompression phase 
in the present study was much less severe in 
terms of rate and pressure change (a pressure 
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change of approximately 180 mm. Hg in 1 sec- 
ond), even though the final pressure reached 
was much lower (approximately 1 mm. Hg 
absolute). 

Exposure time 
at 1 mm. Hg  

Time of consciousness and collapse 

L 

Recompression Collapse occurred 
time within 

All animals exposed to  the low pressure 
for longer than 5 seconds tended to lose con- 
sciousness and began to  swell and collapse 
within 9 to 11 seconds. For brief exposures 
of only 4 to 5 seconds with recompression to 
180 mm. Hg on pure oxygeil +finite indica- 
tions of collapse were exhibited by most of the 
animals a t  about the 11th or 12th second after 
the start of the decompression, even though 
recompression was in progress or had been 
completed. Under these conditions, however, 
with 5-second recompressions, postural unstead- 
iness was transitory when it  occurred, and ap- 
parent recovery with signs of conscious 
orientation was rapid. When the recompression 
time to 180 mm. Hg with oxygen was prolonged 
to 30 seconds, after 5-second exposures, a more 
profound state of collapse occurred a t  about the 
10th second, with recovery commencing during 
the recompression a t  about 140 mm. Hg 
(40,000 feet). These time relationships are  
shown in table 11. 

< 5  5 

< 5  30 

> 5  6 

> 5  30 

The exact moment when loss of “useful” 
consciousness commenced was difficult to  de- 
termine merely by observation, but i t  must 
certainly have begun to  occur before actual 

11 - 12 
10 

9 - 11 
9-11 

TABLE I1 

Onset o f  postural collapse a f t e r  rapid 
decompression f r o m  35,000 fee t  to 
approximately 1 mm. Hg absolute 

postural collapse. Thus, consciousness very 
probably began to fade at the 8th or 9th second, 
if not sooner, a t  least for those animals ex- 
posed to the low pressure for longer than 
5 seconds. 

With regard to human exposures to a 
vacuum under similar conditions, i t  is sug- 
gested from these results that ,  for minimal 
loss of consciousness, recompression with 
oxygen to at least 180 mm. Hg (35,000 feet) 
mus t  begin within 5 seconds and must be 
completed within the next 5 seconds (although 
these times cannot be stated with certainty). 
Figure 1 shows a comparative extrapolation for 
times of consciousness a t  altitudes above 
55,000 feet, with less than 9 to 10 seconds 
being cautiously estimated for exposure to a 
vacuum on the basis of the collapse times 
measured in dogs. The time of “useful” con- 
sciousness appears to be less than the 12 to  
15 seconds that  have been measured in human 
subjects breathing oxygen at 50,000 to  55,000 
feet (7). 

Water vapor effect and subcutaneous swelling 
after decompression 

During the decompressions all animals 
showed essentially the same response. Im- 
mediately after decompression, the animals 
exhibited excitation and increased activity for 
the first 5 seconds. Within the next 5 seconds, 
unless the animals were promptly recompressed, 
they began to  show marked evidence of gas 
expansion and water vapor evolvement. This 
was manifested by a high degree of sub- 
cutaneous emphysema and expulsion of gas 
from the stomach and lower bowel, often with 
simultaneous projectile vomiting, defecation, 
and urination similar to that  previously re- 
ported by others (2, 6) .  The water vapor 
effect and gas expansion were of such magni- 
tude that  the animals became completely im- 
mobilized with the extremities, neck, and body 
in an extended position, similar in appearance 
to an inflated goat-skin bag. Oddly enough, 
the external ears and the eyeballs did not seem 
to show the effects of this phenomenon and 
remained essentially normal in appearance, al- 
though the soft tissue around the eyes and face 
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FIGURE 1 

Time of consciousness f o r  hiiman rapid decompressions to 55,000 fee t  ( 7 )  
with a tentative extrapolation (dashed line) to  lower pressures based on 
canine data obtaiiicd at less that1 2 mm. H g  absolute. 

was often grossly distended, as was the tongue. 
By the end of the first 10 seconds, as indicated 
above, all the animals appeared to be uncon- 
scious. This was followed by what seemed to 
be a grcoicl mal convulsion, ending in apnea and 
a spastic rigidity which progressed to a flaccid 
paralysis, although the animals remained 
grossly distended. All the animals had entered 
into this state of flaccid paralysis within about 
30 seconds and remained so until they were 

recompressed. While at the low pressure, the 
saliva-like secretions and the urine became 
frozen and partially dehydrated. It was also 
noticed in several animals, after recompression 
to ground level, tha t  the tongue was coated 
with ice. This was particularly true for ani- 
mals exposed to  the low pressure for longer 
than 2 minutes when evaporative cooling from 
these exposed wet surfaces became increasingly 
effective. 
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Recompression and recovery 

' During recompression to higher pressures, 
the subcutaneous gases were, of course, also 
recompressed and the animals quickly and 
dramatically deflated to their normal ap- 
pearance, still remaining, however, in an ob- 
vious state of flaccid paralysis, unconsciousness, 
and apnea. This deflation process appeared to  
begin rather gradually with the onset of re- 
compression. At 25 to 30 mm. Hg absolute, de- 
flation became more rapid ; at approximately 
70 mm. Hg the animals appeared to have re- 
turned to their normal size. At 45 to 50 mm. 
Hg, however, a major portion of the deflation 
is complete, suggesting that water vapor is 
probably the predominant gas concerned with 
the excessive distention of the animals. The 
exact pressures at which the deflation process 
and the condensation of water vapor occurred 
was influenced, in part at least, by the sub- 
cutaneous and deep body temperatures which, 
in turn, were probably affected by the duration 
of the low pressure exposures and the evap- 
orative cooling of the body surfaces. 

The rapidity of recovery during or after 
recompression was generally dependent on the 
duration of the low pressure exposure, the rate 
of recompression, and on whether or not the 
animals were recompressed with oxygen or air. 
As might well be expected, the shorter the 
exposure time and the faster the recompression 
with oxygen, the more rapid and less com- 
plicated was the recovery period. Animals that 
were exposed to the low pressure for  90 seconds 
or less often began to breathe spontaneously 
during the recompression to ground level. 
When the exposures to the reduced pressure 
were longer than 90 seconds, the depressed state 
of the animals was intensified and apnea per- 
sisted for a prolonged period of time after 
recompression. Under these conditions, when 
first  examined at ground level, the animals 
were usually apneic with variations in heart 
rate ranging from bradycardia to tachycardia. 
They remained apneic for varying periods of 
time, but spontaneous respiration always began 
in less than 2 to 3 minutes, provided there was 
a heartbeat. Otherwise, when no heartbeat 
was detectable, the animals invariably failed t o  

survive. During the course of recovery, both 
the heart rate and respiratory frequency in- 
creased steadily for the first 2 to  5 minutes. 
Some of the animals exhibited a state of de- 
cerebrate spasticity when stimulated by being 
touched or handled. Most of the animals 
started purposeful movements of the extremi- 
ties and head within 10 to 15 minutes and next 
progressed to  a stage showing disorientation, 
with staggering and apparent blindness. Dur- 
ing this time, coordinated control and strength 
in the hind legs seemed to return much more 
slowly than in the forelimbs. By the end of 
30 minutes, none of the animals exhibited ob- 
jective neurologic abnormalities ; nevertheless, 
they appeared to be in a state of extreme 
fatigue and exhaustion and were very lethargic. 
The apparent blindness seemed to abate by 
the end of the 30th minute of recovery. Those 
that were exposed to the low pressure for 
longer than 60 seconds excreted, after recom- 
pression to ground level, an excessively large 
amount of clear, saliva-like fluid from the 
mouth; moist, basal rales were audible, sug- 
gesting pulmonary edema. By the end of 24 
hours, the animals spontaneously cleared them- 
selves of the rales and edema and appeared to  
have normal respiratory function and behavior. 

Mortality incidence 

As mentioned above, all dogs exposed to the 
near-vacuum environment for less than 120 
seconds survived with essentially uneventful 
recoveries despite evidence of severe but tran- 
sitory lung involvement. On the other hand, 
exposure times ranging from 120 to 180 seconds 
resulted in mortality rates of about 15% to  
more than 8076, respectively, as shown in 
figure 2. Each symbol in this figure represents 
a group of 6 animals from which the percent 
mortality was computed. It can be noted that  
no deaths resulted from the 90-second ex- 
posures, regardless of whether the animals were 
recompressed (with oxygen) to 35,000 feet 
(180 mm. Hg) within 5 seconds or 30 seconds. 
The 120-second exposures, however, resulted in 
1 death (16.7%) in the 6 animals that  were 
recompressed in 5 seconds and 3 deaths (50%) 
in the group of 6 animals that were recom- 
pressed in 30 seconds. 
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FIGURE 2 

Percent morta..ty resu ing from rapid decompression exposures to less than 2 mm.  Hg  absolute w i th  and 
without prior denitrogenation and w i t h  5- and ?)O-second recompressions to 180 mm. Hg absolute w i th  and 
without oxygen as noted. Each symbol represents a group of 6 dogs.  The curve for  5-second recompressions 
(w i th  oxygen) was approximated by eye.  

Of the 9 dogs that were rapidly recom- 
pressed with room air rather than oxygen, 
3 were exposed to the low pressure for 150 sec- 
onds and all survived. The other 6 animals 
were exposed for 165 seconds and only 1 sur- 
vived (83.3';'( mortality.) These results, with 
only a limited number of animals, indicate tha t  
the mortality incidence is not particularly dif- 
ferent from that of animals exposed for the 
same period of time and then recompressed 
with oxygen. There are sound reasons to be- 
lieve, however, that recompression with oxygen 
provides for more rapid oxygenation of the 
blood at a lower pressure than when room 
air  is used 18). As mentioned above, recom- 
pression from near-vacuum conditions, regard- 
less of whether or not the animals are 
breathing, is as effective as a deep voluntary 
inspiration. If oxygen is used as the recom- 
pressing gas, it virtually assures tha t  the lungs 

are filled with oxygen, provided the airways 
are open. On the other hand, when room air 
is used, i t  is necessary to recompress virtually 
to ground level pressures (750 mm. Hg) for 
adequate oxygenation of the lungs and blood, 
equivalent to 180 mm. Hg (35,000 feet) when 
oxygen is used. 

Dogs tha t  were denitrogenated for 1 hour 
at ground level before decompression and then 
recompressed 'with oxygen (fig. 2) had a 
significantly lower mortality rate (P < .05) 
as a result of these prolonged severe exposures. 
With denitrogenation, 5 out of 6 dogs survived 
a 165-second exposure, and 2 out of 6 survived 
an exposure of 180 seconds. It may be 
postulated tha t  the  cerebral and other vital 
tissues and fluids, when completely denitro- 
genated and fully saturated with oxygen before 
decompression, permit an extra margin of 
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several seconds after decompression before the 
intracellular oxygen partial pressure decreases 

‘to profound anoxic levels. This is possibly re- 
flected in the longer survival time compared to  
the survival time of animals tha t  were not as 
completely denitrogenated. 

In general, under these conditions, the  
shorter the exposure time and the faster the 
recompression rate with oxygen, the better are  
the chances for survival and uncomplicated re- 
covery (excluding the possibility of middle ear 
blockage during recompression). 

Observations made on small primates 

In connection with another study carried 
out by Rumbaugh and Ternes ( lo) ,  20 trained 
squirrel monkeys (4 groups of 5 each) were 
also decompressed in the same manner as 
described above, except that  no exposures to 
the low pressure were longer than 90 seconds. 

After decompression to  approximately 
1 mm. Hg absolute, the squirrel monkeys ap- 
peared to  lose consciousness sooner than the 
dogs. As with dogs, they had both tonic and 
clonic seizures shortly after unconsciousness 
and this progressed to flaccid paralysis. Sub- 
cutaneous emphysema and swelling occurred, 
but was not as marked. During and following 
recompression to ground level, the monkeys re- 
covered similarly but seemed to  exhibit stag- 
gering and disorientation for a longer period. 

Two monkeys died as a result of these low 
pressure exposures, while no dogs died from 
exposures tha t  were less than 120 seconds. The 
first  death occurred after a 10- to 12-second 
exposure with a 30-second recompression t o  
35,000 feet (180 mm. Hg) with oxygen. This 
animal, contrary to that  seen in nonsurviving 
dogs, had a perceptible but irregular heartbeat 
after reaching ground level, but never recovered 
spontaneous respiration. Necropsy revealed 
apparent basalar atelectasis of the lungs with 
a questionable perforated visceral pleura just 
over an area of petechial hemorrhage. 

The second fatality resulted from a 90-sec- 
ond exposure with a 5-second recompression to 

35,000 feet. This monkey exhibited no heart- 
beat and no spontaneous respiration after 
reaching ground level. Except for pulmonary 
atelectasis and a few subpleural petechial 
hemorrhages, no gross pathologic abnormalities 
were observed a t  autopsy, which was performed 
under water. 

Residual postdecompression paralysis and 
other nervous disorders 

In only 1 animal was there clear-cut 
evidence of residual central nervous system 
involvement tha t  continued to persist for 24 or 
more hours after recovery from prolonged ex- 
posure to the low pressure. The fact that  
approximately one-third of the surviving 
animals were sacrificed and autopsied within 
30 minutes postdecompression leaves open to  
question whether or not this small percentage 
(approximately 1 % )  might not be actually 
larger had all survivors been observed for at 
least several days before sacrifice. I t  seems 
reasonable tha t  the probability of residual 
pathologic conditions in the central nervous 
system would be increased considerably with 
increased exposure times, particularly for pro- 
longed exposures of 2 minutes or longer when 
the chance for survival itself becomes marginal. 

The one dog tha t  exhibited severe postde- 
compression paralysis had been exposed to the 
low pressure environment for 120 seconds and 
then recompressed with oxygen to  180 mm. H g  
in 30 seconds. After reaching ground level, the  
dog reacted in much the same manner as the 
other animals in the group, with a bradycardia 
and apnea which were quickly resolved. This 
animal, however, manifested prolonged visual 
impairment, and 1 hour after the exposure had 
not completely regained vision, as tested by 
reaction to  motions of objects. There were no 
other overly abnormal neurologic manifesta- 
tions at this time compared to  the other animals 
similarly exposed. When seen approximately 
20 hours later, this animal was unable to stand, 
but appeared to  be spirited and mentally alert. 
Neurologic examination showed that the ex- 
tremities on the right side were weak, with 
depressed deep tendon reflexes ; while extremi- 
ties on the left side were spastic, with hyperac- 
tive reflexes. The cranial nerve and pain 
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response reflexes were present, and the animal 
seemed to have unimpaired sensation to pin- 
prick. There was also spastic urinary incon- 
tinence. Vision appeared to be normal. During 
the following days, progressive improvement 
occurred so that  by the end of 1 week, the 
animal could walk unassisted, although the ex- 
tremities on the left side still showed con- 
siderable impairment. At this time, a urinary 
tract infection developed without fever, but was 
easily controlled with antibiotics. During the 
next 12 weeks, the neurologic condition im- 
proved steadily; at the end of this time, the 
animal was able te wa!k a i d  run well. The 
hemiparesis was scarcely discernible by neuro- 
logic examination, and the spasticity of the left 
side and bladder was absent. 

Inasmuch as this animal had been subjected 
to a 120-second exposure with a 30-second 
recompression, the chances of survival were 
marginal. For a group of 6 or more animals 
under these same conditions, about 50',: fatali- 
ties could be expected (fig. 2) .  Thus, in many 
instances, animals which otherwise might show 
evidence of considerable damage to  the central 
nervous system probably do not survive. Those 

that do survive show, for the most part, rela- 
tively uneventful recoveries. Only in a few 
rare cases where the threshold of death has 
been very closely approached is it possible to  
demonstrate survival with clear-cut residual 
and, possibly, irreversible lesions of the central 
nervous system. Human hypoxic incidents in 
aircraft (9) and low pressure experiments with 
animals, by Biichner (1) and others cited by 
him, suggest similar conclusions. 

From these observations on dogs and sms!! 
primates, conciusions concerning survivability 
and recovery indicate that the prevention of 
death by rescue and repressurization with 
oxygen within the order of 90 seconds appears 
to be feasible. The fact that  a fatality from 
a 10-second exposure has been observed in a 
small primate proves that any exposure to  such 
low pressures involves great risk, and there 
can be considerable individual variations. Some 
dogs have survived exposures for as long as 
3 minutes with apparently good recovery, 
whereas one dog suffered severe but nonfatal 
damage to the central nervous system after an 
exposure of 2 minutes. 
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ABSTRACT 

I 43~ a 
Pathologic examination of tissues of dogs rapidly decompressed to less t i a n  

2 mm. H g  absolute was performed. Of the 126 dogs decompressed, 92 were autopsied 
at 3 time intervals: within 30 minutes, 2 t o  5 days, and 1 to 3 weeks postdecompres- 
sion. Gross examination of the tissues was performed on all autopsied animals. 
Lung damage was graded 1+ to 4+ according to the amount of edema, emphysema, 
atelectasis, and hemorrhage present alone o r  in combination. Microscopic examination 
of the tissues was performed on selected dogs from the various groups. 

The most impressive finding was the absence of major pathologic damage, except 
in the lungs, unless the exposure time exceeded 120 seconds. By varying time of 
decompression and time of exposure to  less than 2 mm. Hg, i t  was possible to separate 
the pathologic effects of anoxia versus time of decompression. In all dogs, the severity 
of lung damage increased with duration of the anoxic exposure. In groups with 
comparable exposure times, the dogs decompressed in 1 second exhibited pulmonary 
congestion, edema, and hemorrhage, while those decompressed in 0.2 second showed 
predominantly more petechiae and emphysematous changes. Denitrogenation appeared 
to reduce the incidence and severity of the lung damage. Animals autopsied at the 
later postdecompression periods showed evidence of resolution of all lesions, especially 
in the lungs. For the exposures tha t  were longer than 120 seconds. gross examination 
of other organs and tissues showed increasing congestion --id some hemorrhage. 
The brains showed engorgement without evidence of hemorrhage. One dog that was - -  
paralyzed from the exposure had numerous demyelin 
tha t  seemed to be the result of gas bubble emboli. 
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EXPERIMENTAL ANIMAL DECOMPRESSIONS TO LESS THAN 
2 MM. HG ABSOLUTE (PATHOLOGIC EFFECTS) 

I. INTRODUCTION 

In the period 1946 to  1953, with the advent 
of the pressurized cabin, numerous studies were 
reported on “explosive” decompressions. The 
studies enumerated the pathologic effects re- 
sulting from decompressions ranging from 
ground level to 72,000 feet (30 mm. Hg) in 
0.030 to 0.080 second (11). Because of recent 
exploits into space and the consequent hazard 
of being exposed to a vacuum, it is necessary 
to determine the effects of near-vacuum pres- 
sures (less than 2 mm. Hg) and the morbidity 
inflicted from lethal and sublethal exposures 
to this atmosphere. Denitrogenation, oxygen 
or air recompression, and slow or fas t  recom- 
pression could influence the pathologic damage 
resulting from a rapid decompression. The 
present decompressions were designed to eluci- 
date the pathologic abnormalities that  could be 
anticipated with 0.2-second or 1.0-second de- 
compressions from 35,000 feet (180 mm. Hg) 
to  less than 2 mm. Hg for varying periods of 
time with or without denitrogenation and re- 
compressed in 5 or 30 seconds with 100% 
oxygen or room air. From the variables used 
and the material available from past experi- 
ments, i t  is possible to separate some of the 
causative factors responsible for the tissue 
damage in rapid decompressions to near-vacuum 
pressures. 

11. METHODS 

Of the 126 dogs that  were decompressed, 
93 were autopsied, and specimens were taken 
from 76 for fixation. The 29 dogs that died 
and 23 of the survivors that were sacrificed 
were autopsied within 30 minutes post mortem. 
Of the  remaining survivors, 27 were sacrificed 

and autopsied 1 to 6 days postdecompression, 
and 13 were autopsied 7 to 21 days postdecom- 
pression, except for 1 dog (G-74), which was 
sacrificed on the 87th day after decompression. 
The time of sacrifice was predetermined so 
that from each group of 3 dogs decompressed 
at the same time, 1 of the dogs was sacrificed 
within 30 minutes, another in 1 to 6 days, and 
the last in 7 to 21 days after the decompression. 
All the survivors were anesthetized with pento- 
barbital and then perfused with 1 0 % ~  formalin 
through a catheter placed in the left ventricle 
of the heart. All organs were examined grossly 
and sections of the brain, lungs, heart, liver, 
kidneys, adrenals, spleen, gastrointestinal tract, 
gonads, skin, muscle, and bone were taken for 
microscopic examinations in representative 
cases. All tissues, except the brain, were 
microscopically examined in 22 dogs and, among 
these, 12 brains were examined. Of the 8 spinal 
cords that  were removed, 5 were sectioned at 
intervals of 3 to  4 cm. for microscopic examina- 
tion. Three dogs, that  had not been decom- 
pressed, served as  controls and were sacrificed 
and autopsied in the same manner as the others. 
The tissues of all the animals were embedded 
in paraffin for hematoxylin-eosin staining or, 
in some cases, frozen for fa t  staining. The 
brains and spinal cords were stained with 
cresyl violet, Weil’s myelin, and Van Gieson’s 
solution. Holzer’s crystal violet stain for gliosis 
was used on selected brain and spinal cord 
sections. 

111. RESULTS 

Because of the complexity of the experi- 
ments and the large number of animals in- 
vestigated, the pathologic effects will be 
considered by organ systems. Although the 
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amount of damage to any of the organ systems 
was small in relation to  the magnitude of the 
insult, the findings of most significance were 
in the lungs, kidneys, liver, and central nervous 
system in certain cases. 

Lungs 

Gross examination of the lungs revealed 
intra-alveolar edema, subpleural petechiae, or 
ecchymoses, regional atelectasis, peripheral 
emphysematous changes, and hemorrhagic 
atelectasis. These findings were subjectively 
graded by one investigator according to the 
following scale : 

+ I Mild edema, emphysema, or pete- 
chiae, separately. 

++ = Any two of the above, moderate 
edema (significant), atelectasis, marked emphy- 
sema, or numerous petechiae. 

+++ = Severe edema, marked atelectasis, 
numerous ecchymoses, or less than 30% hemor- 
rhagic atelectasis. 

+ + + + = Greater than 30% hemorrhagic ate- 
lectasis. 

Y a ++++I + + +  
Q 

Figure 1 shows the lung damage incurred 
as a result of a 1-second decompression and 
5-second recompression with varying times at 
1 mm. Hg. The severity of the lung damage 
increased with the duration of exposure. Small 
petechiae, areas of emphysema, and atelectasis 
were predominant in the shorter exposures. In 
the longer exposures (longer than 120 seconds) 
pulmonary edema, ecchymoses, and patches of 
hemorrhagic atelectasis were predominant, 
whereas little of the former type of damage 
was seen. The other two co!umns iii each ex- 
posure time are representative of animals tha t  
survived and were sacrificed 1 to 6 days post- 
decompression and 7 to 21 days postdecompres- 
sion. Animals sacrificed at later dates 
demonstrated that the survivors had reversible 
lung damage because resolution was underway 
in all cases. 

It is worthy of note that exposures of less 
than 90 seconds to the near-vacuum pressures 
resulted in mild lung damage (grade + or ++) 
while exposures for longer than 90 seconds in- 
duced serious lung damage (grade +++ or 
++++). The upper lobes seemed to be most 
susceptible to emphysematous changes which 

n 
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FIGURE 1 

I35 ,O 165 

Rapid decompressiom from 180 m m .  H g  to less than 2 m m .  Hg in 
1 second wi th  B - n e c o ~ f  recompressions. Each column represents 1 dog. 
The times are the ditration at  peak alt i tude. 

2 



FIGURE 2 

One-second decompression to  less than 2 mm. Hg 
f o r  120 seconds and recompressed in 5 seconds. Dog 
sacrificed 24 hours later. Note  numerous scattered 
subpleural petechiae w i th  mild edema of basal lobe3 
and minimal peripheral emphysema of l e f t  upper lobe. 
(Grade ++) 

FIGURE 3 

Death a f t e r  1-second decompression, exposed for  
135 seconds and recompressed in 5 seconds. iVote more 
pronozinced apical emphysema and large ecchymoses 
with basal edema and atelectasis. (Grade + + +) 

were usually peripherally distributed. Edema- 
tous and atelectatic findings were found pre- 
dominantly in the lower lobes basally. The 
petechiae and ecchymoses were randomly dis- 
tributed (figs. 2,3 ,  and 4) .  Vascular congestion 
was increasingly prominent in the  longer ex- 
posures, especially those tha t  were longer than 
120 seconds. Microscopic examination of lung 
tissues from selected animals confirmed the 
gross findings. A chronic resolving pneumoni- 
tis with patchy infiltration of plasma cells and 
lymphocytes and occasional microabscesses 
were seen in 2 dogs examined microscopically. 

Generally, in the faster decompressions 
(0.2 second), subpleural petechiae were more 
abundant. Animals recompressed in 30 seconds 
had lung damage comparable to extending the  
time of exposure at vacuum (1 to  2 mm. Hg) 
by 15 seconds. Denitrogenation exercised a 
protective effect on the extent of lung involve- 
ment so tha t  the animals exposed for 150 and 
165 seconds had 2+ to  3+ graded damage, 
while the  dogs which were similarly exposed 
without denitrogenation had 3f t o  4f graded 
damage. Recompression with air or 100% 

FIGURE 4 

Death af ter  1-second decompression, 150-second ex- 
posure, and 5-second recompression. Note  massive 
heinorrhagic atelectasis w i t h  heinorrhagic exudate in 
tracheobronchial tree. 
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oxygen made little difference. The lungs of 
the control dogs showed only mild, passive con- 
gestion, and in 2 of these there was an occa- 
sional microscopic collapsed alveolus. 

exposure. These changes were not seen in the 
animals sacrified at later dates. The variations 
in time of decompression, rate of recompression, 
and denitrogenation had no discernible effect 
on the liver. 

Liver 
Kidneys 

Gross examination of the livers revealed no 
abnormalities except acute, passive congestion 
in animals exposed for more than 120 seconds. 
This also was evident in the kidneys, brain, 
gastrointestinal tract, and spleen. The longer 
the exposure, the more marked was the con- 
gestion, so tha t  dogs exposed for 180 seconds 
had severe congestion. This was more notable 
in dogs that  died than in survivors that  were 
sacrified within a few hours postdecompression. 

FIGURE 5 

Liver of dog sacrificed within 84 hours a f t e r  expo- 
Cytoplaamic vacuolization o f  parenchymal cells sure. 

H niril E ( 4 5 0 ~ ) .  
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Gross examination of the kidneys was un- 
remarkable and there appeared to be no find- 
ings related to the decompressions. 

Tissue sections of 3 of the selected cases 
which died or were sacrified within 24 hours 
showed deposition of some granular yellowish- 
brown pigment in the cytoplasm of the tubular 
epithelial cells. This finding was not seen in 
the sections of the control dogs or those animals 
sacrificed at later dates. All 3 of these animals 
were exposed for 120 seconds or more. Bilirubin, 
iron, and PFAS, acid-fast, and 72-hour oil- 
red-0 stains were negative. The pigment re- 
fracted under fluorescent light and gave a posi- 
tive Schmorl’s reaction. This combination of 
reactions places the pigment in the category of 
oxidized lipofuchsin. Variations in time of de- 
compression, rate of recompression, and de- 
nitrogenation caused no notable differences. 

Microscopic examination of the liver of 6 
of the animals, which died or were sacrificed 
within 24 hours after exposure, demonstrated 
diffuse vacuolization of the cytoplasm of the 
parenchymal cells (fig. 5 ) .  These were de- 
termined not to be f a t  deposits. The amount 
of vacuolization increased with the duration of 

In these tests we found no evidence of in- 
creased red blood cell fragility and hemolysis, 
as noted by Booth (1) in dogs breathing 5% 
oxygen in nitrogen. 

Brain 

Gross examination of the brains revealed 
vascular engorgement in most of the brains of 
animals which survived decompression for 120 
seconds or longer. No other changes were ob- 
served externally or on cross section. 

Microscopically, the few changes encoun- 
tered were minimal. In 1 dog there were con- 
spicuous foci of tissue sponginess around oc- 
casional larger veins in the thalamus and the 
rostral-most part  of the basic pendunculi (figs. 
6 and 7) .  The spongy tissue contained no 
coagulated fluid. In the thalamus, the nerve 
cells and glia included in the focus were shrunk- 
en, but there was no glial response, while in 



FIGURE 6 

(Dog 0 - 2 5 )  Rostral-most part of basis pedunculi. 
Tissnc aronnd vein is spongy and demyelinated. Some 
enlarged glial nuclei are t o  be seen in the spongy 
tissne. Mononcclear cells are present in the vascular 
sheath and vicinity. Weil  myelin sheath stain ( 8 1  x). 

the perivenous focus in the basic pendunculi 
the tissue was demyelinated, glial activation 
was evident, and mononuclear cells of varied 
type were noted in the sheath of the vein. A 
few scattered areas of subpial sponginess were 
noted in the  superficial cortex of 2 dogs that  
were exposed for longer than 120 seconds and 
sacrificed within 30 minutes after the exposure. 

Structures particularly apt  to  be affected 
under conditions of hypoxic hypoxidosis, such 
as the  cerebral cortex, the thalamus, Sommer’s 
sector of the  hippocampus and the Purkinje-cell 
layer of the  cerebellum were doubly checked, 
but no lesions were found. Also, “ischemic” 
lesions in cerebral and cerebellar cortex and 
white matter,  such a s  have been encountered 
in decompression sickness (8), were totally 
lacking. 

Spinal cord 

In 3 of the 5 spinal cords examined, no 
In the other 2, the changes were observed. 

gray matter and, occasionally, the  bordering 
white matter, contained a considerable number 
of tiny hemorrhages situated perivascularly. 
This was at cervical and thoracic levels of the  
cord. There was no glial reaction in the vicinity 
of the hemorrhages. 

Dog G-74 (1-second decompression, 120 sec- 
onds at 1 mm. Hg pressure, and 30-seconds 
recompression) developed a transient paralysis. 
The brain and spinal cord were sectioned every 
0.5 em. and stained as the  others. The spinal 
cord was severely damaged. Lesions were 
limited to the white matter and were found in 
practically every segment of the cord except 
the sacral segments (figs. 8 and 9).  These 
lesions tended to be most severe a t  cervical 
and upper thoracic levels, and the pattern of 
involvement varied widely from segment to  
segment. At  some levels, the lesions pre- 
dominated in the posterior columns, and a t  
other levels, in a lateral or anterior column. 
Usually, the lesions at a given level were 
multiple. Some were focal and some were dif- 
fuse. In the  posterior columns, there were 

FIGURE ‘7 

( D o g  D-25) Thalamits, showing sponginess of  tissue 
Glia and nerve cells in  spongy area are around vein. 

shritnken. Cresy l  violet stain (99  x). 
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FIGURE 8 

(Dog G-74) Lesions in  white matter o f  cord at cervical and thoracic 
levels. The lesions are multiple and vary  in  site at the 3 levels. Focal 
lesions are seen at all 3 levels. Weil  myelin sheath stain. 

M 

." . .. 

C 6  

F I G U K E  9 

(Dog G-74)  Mcdttlla obloitytitn w i t h  ro i i fo t~m arid syrtituctric detriyelr- 
Posterior column 

Note  absence of lesions in  lumbar 
nation of fasciculus graci l is  a t d  rci?ieattis bilaterally. 
lesions at cervical of thoracic levels. 
section. Weil myczliti shcath stain. 



solitary lesions which were bilaterally sym- 
metric, while in the lateral and anterior 
columns the lesions were invariably asym- 
metric on the two sides of the cord. The lesions 
predominated in the midregion of the white 
matter and frequently were wedge-shaped. 
Rarely did they occupy the region bordering the 
gray matter. Usually, lesions extended to the 
pia mater, especially those in the lateral 
columns. The lesions in the posterior columns 
had apices centered on the pia near a penetrat- 
ing vessel and thus had vascular orientation. 

The lesions varied greatly in severity. 
Sometimes, little more than focal myelin pallor 
was encountered. Characteristically, either in 
focal or in diffuse lesions, axis cylinders were 
remarkably enlarged and myelin sheaths cor- 
respondingly were dilated or fragmented 
(figs. 10 and 11). “Vacuoles,” which were 
numerous, were found where axis cylinders had 
vanished.‘ In most lesions, macrophages and 
assorted, unidentified, smaller, reactive cells 
were noted, and in areas of more severe lesions 

F I G U R E  10 

(Doy G - 7 4 )  Late ,a l  coliiitiii o f  thoracic seyrrrent o f  
spinal cord. Thr f o e m  shows Tmyrlin fragmentatioii 
ci) i t l  loss. A strikingly ctilaryrd axis axon cylirider zs 
t o  hc secn. The “uacitolrs” represent areas from which 
i)idividiraI axis c!ylinders h a w  vanished. Weil mydrii 
shratlr stain ( 1 2 5 ~ ) .  

F I G U R E  11 

( D o g  G-74)  From severe lesion in posterior column 
at  cervical level. Tissiie sponginess is  striking. One 
enlarged axis cylinder is visible, as are also a f e w  
cvlarged astroglia. Small mononitclear cells are pres- 
ent in vascula?. sheath. Thc nitmeroits, widely distrib- 
ittrd small moiionuelear cells are niostly neuroglia, 
soirie of which appear enlavgerl. Cresyl violet stain 
(250X). 

sparse activated histiocytes and lymphocytes 
were noted in vascular sheaths. In most of the 
lesions the oil-red-0 stain revealed vast amounts 
of fat ,  either in macrophages or free in the 
tissue, but most abundant along the walls of 
vessels. Holzer preparations revealed slight 
astrogliosis in some of the lesions. 

Variations in rate of decompression and 
recompression and denitrogenation caused no 
effects in the central nervous system. As a 
result of the decompressions, the other tissues 
examined showed no significant alteration in 
structure, not already mentioned, except for 
dilatation of the right atrium and ventricle; 
the dilatation was most marked in the fatalities 
and in dogs exposed for longer than 120 seconds. 

IV. DISCIJSSION 

Although the decompression schedules did 
produce the anticipated pathologic effects, the 
most astounding result was the paucity of find- 
ings in the animals exposed to such a large 
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insult. Animals exposed for 90 seconds or less 
escaped with little damage, and the animals 
subjected to this environment for 120 to  150 
seconds had a good chance of recovery with 
reversible damage. This is far longer than 
would have been expected from past studies. 
Cole e t  al. (4) decompressed 18 dogs from 
10,000 feet to 72,000 feet (500 to 30 mm. Hg) 
in 0.035 second. The animals were divided into 
3 groups: The first group was held a t  72,000 
feet for 1 minute, and the second and third 
groups were immediately recompressed after 
reaching the same altitude. The first and 
second groups were remmpresseci in 1 minute, 
whiie the third was recompressed at free-fall 
rate (approximately 7 minutes). Hemorrhages 
were found in the heart, intestine, stomach, 
liver, spleen, kidney, and brain, with cell 
rupture and extrusion of cytoplasm and nuclei 
from the renal and liver epithelial cells. Frag- 
mentation of myocardial fibers was also noted. 
Since the authors (4) found no differences 
in the 3 groups, they concluded that the lesions 
were a result of the rapid decompression-not 
anoxia. They also concluded that the frag- 
mentation of the myocardial fibers was the re- 
sul t  of a shock wave or of intracellular gas 
format ion. 

Our studies were carried out with slower 
rates of decompression (0.2 and 1.0 second) 
to  a much lower pressure (less than 2 mm. Hg), 
and with shorter times of recompression (5 and 
30 seconds). We were able to  demonstrate 
variation in the extent of pulmonary damage 
which coincided with the duration of exposure 
to low pressure. Although our experiments 
lacked the hemorrhages found in the other 
organs as well as fragmentation and cellular 
disruption, the distribution of the pulmonary 
lesions and mortality were in agreement. In 
our faster decompressions (0.2 second), 
petechial and emphysematous changes in the 
lungs were more frequent. These studies in- 
dicate that lesions readily attributable to rapid 
pressure changes would include petechiae or 
small-vessel rupture, emphysematous changes 
or alveolar-septal rupture, and cellular frag- 
mentation and disruption. More extensive 
hemorrhage, pulmonary edema, and atelectasis 
seem more related to  the duration of anoxia. 

Additional control studies performed on dogs 
exposed to 100% nitrogen for periods up to  , 
3 minutes have demonstrated pulmonary edema, 
atelectasis, and a few parenchymal ecchymoses. 
These findings lend support to the above con- 
clusion. Atelectatic changes are a common 
finding in the canine pulmonary system at 
necropsy. 

The protection afforded by oxygen pre- 
breathing (denitrogenation) has been reported 
(6) .  The mechanism presumably is increase5 
saturatinr! sf body tissues with oxygen so tha t  
a longer period of anoxia can be tolerated. 

Myocardial cellular fragmentation was not 
seen in our studies and, therefore, must not be 
the result of intracellular bubble formation. 
Rather, i t  is most likely caused by “shock-wave” 
formation in extremely rapid pressure changes, 
as suggested by Cole et al. (4) .  

The lipofuchsin pigment found in the liver 
and kidney in the early postdecompression 
period has not been reported before in other 
studies of this type. Lipofuchsin apparently 
represents one of the stages in oxidation of 
lipid or lipoprotein and the significance of its 
presence in the tubular epithelium and liver is 
speculative. However, i t  must represent an 
abnormal or increased lipid or lipoprotein oxida- 
tion. 

The vacuolar degeneration of the liver 
parenchymal cells has been described before 
and attributed to hypoxia. Buchner (2) re- 
viewed this finding and found tha t  it was not 
only common in hypoxic hypoxia but also in 
static and histotoxic hypoxia. Our findings 
were consistent with these except for the pres- 
ence of these changes in 1 dog sacrificed 13 days 
after decompression. It is unlikely tha t  this 
was incurred as a result of the experiment, as 
this would have shown evidence of resolution 
or regeneration. The most tenable conclusion 
is that  a hypoxia episode was suffered at the  
time of sacrifice. 

The brains examined microscopically were 
from selected animals sacrificed at various time 
intervals from 6 days onward following decom- 
pression. In only 1 of the animals were lesions 
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.found in the brain. Although the lesions were 
considered to be residua of prior brain edema, 
they were so few that they were of academic 
interest only. 

No hemorrhages were found in the brain 
or in its envelopes. Under conditions of “ex- 
plosivk” decompression in dogs, with return to 
ground level within a minute, hemorrhages 
have frequently been encountered in the wall 
of the ventricular system and subdurally in 
the region of the superior sagittal sinus. They 
have been attributed to the transmission of 
a pressure wave from thorax to the cerebro- 
spinal fluid, thence to the vetricles and cranium 
( 5 ) .  The lack of hemorrhages in our animals 
might be related to the slower rate of decom- 
pression (1 second versus 0.012 to 0.036 second) 
and to the smaller change in pressure (approxi- 
mately 180 mm. Hg). Hemorrhages have also 
been found in the brain substance of animals 
explosively decompressed and then recom- 
pressed either immediately or after a period of 
2.5 or 7 minutes. Recompression under all 
3 conditions was carried out in 1 minute. When 
recompression was slow, hemorrhages were 
few, suggesting that  the occurrence of hemor- 
rhages was directly related to speed of recom- 
pression (4). Examination of the spinal cord 
in 5 of our animals revealed tiny diapedetic 
hemorrhages in 2, mainly in the gray matter. 
These were thought to  have occurred agonally 
and, thus, were presumably incidental. 

One dog of the series became paralyzed. 
This animal was 1 of a group of 6 which were 
decompressed to “vacuum” in 1 second, held 
there for 120 seconds, then recompressed to 
ground level in 30 seconds. Denitrogenation 
was not done prior to the chamber run. On 
decompression, unconsciousness occurred in this 
particular animal at about the same time as in 
the other 5. The only difference noted on 
recovery was the prolonged blindness that this 
dog manifested. There was no anatomic ex- 
planation for this. The precise time a t  which 
paralysis developed in this animal is not known, 
but when it was examined 24 hours after ex- 
posure, it  was paralyzed. Autopsy performed 
87 days later revealed no peculiarities of the 
lungs or heart. For example, there was no 

myocardial-septal defect, nor was there an ex- 
cess of adipose tissue. None of the other 5 dogs 
in this group showed any unusual clinical mani- 
festations. Autopsies were performed on 3 of 
them. The brain was examined in 2 and the 
spinal cord in 1, but neither the brains nor the 
spinal cord showed changes. Thus, there was 
no clue as to why 1 particular dog in this group 
of 6 became paralyzed. 

The lesions in the spinal cord were limited 
to the white matter, as is frequently the case 
in decompression sickness with spinal involve- 
ment (7, 8, 9). The observation that  the 
lesions were randomly distributed and that, at 
some levels, these were virtually limited to  one 
side of the cord, strongly suggests gas-bubble 
embolization as the chief basis. This view is 
supported by the radial disposition of some of 
the lesions in the lateral columns that  were 
oriented to the course of vessels (fig. 7). Were 
autochthonous bubble formation in the cord the 
chief, or even a significant, pathogenic factor, 
a much more equal distribution of the lesions 
on the two sides of the cord would have been 
expected. This is not to say that autochthonous 
bubble formation in the cord did not occur. 
Hypoxemia per se could not have induced the 
cord lesions, as it is well known that  the cord 
is far less sensitive than the brain to a lack 
of oxygen (10). In this animal, the brain ap- 
peared normal. It is also highly unlikely that  
air emboli, resulting from the rupture of alveoli, 
could have been instrumental, as under these 
conditions, the brain would be the chief site 
of lodgement of the emboli. 

The question then arises as to  the source 
of gas bubbles presumed to have been present 
in the bloodstream. Pertinent observations are 
available from the literature. During the 
course of more than 700 explosive decompres- 
sions of laboratory animals to  simulated 
altitudes up to 50,000 feet (87 mm. Hg),  with 
decompression carried out almost immediately 
thereafter, no evidence of bubble formation in 
the bloodstream, in the cerebrospinal fluid, or 
elsewhere was observed (14). Further experi- 
ments were carried out under much the same 
decompression conditions (decompression in 
0.56 to 0.59 second to a simulated 43,000 to  
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50,000 feet-122 to 87 mm. Hg), except that  
the animals, which included 1 dog, 2 cats, and 
19 guinea pigs were kept at altitude for periods 
up to 60 minutes. At the moment of decom- 
pression, the chamber was flooded with oxygen 
and the oxygen flow was maintained. The dog 
and the 2 cats survived the 60-minute exposure, 
and no bubbles were found. The guinea pigs 
were more sensitive; 13 died at time periods 
varying from 4 t o  15 minutes after decompres- 
sion. Of the 13, gas bubbles were found in- 
travascularly in 7, mainly in the veins of the 
abdomen and in the inferior vena cava, and 
occasionally ir. the right side of the heart. In 
the 6 guinea pigs which survived the 60-minute 
run, no bubbles were observed. In the animals 
that  died, the bubbles were thought to  have 
been generated after death (15). 

More pertinent to our problem are the 
studies on dogs explosively decompressed to a 
simulated altitude of 70,000 feet (30 mm. Hg),  
for under these conditions, vaporization of body 
fluids occurs, as in our animals. (Vaporization 
of the fluids in dogs occurs at 47 mm. Hg at 
a normal body temperature of 37” C.) In one 
study, in dogs, of the effects of decompression 
to 72,000 feet (30.5 mm. Hg in 0.150 second), 
x-rays of the thorax were made at 5, 30, 60, 
and 90 seconds. Then the animals were re- 
compressed to  ground level. At 30 seconds, in 
addition to  vapothorax and other abnormalities, 
there was a suggestion of gas in the right 
auricle of the heart. At 60 seconds, gas was 
definitely present in the right auricle, and at 
90 seconds in both right and left heart. Con- 
trol animals decompressed to 50,000 feet 
(87 mm. Hg) showed no such changes. Autopsy 
of the animals decompressed to 72,000 feet re- 
vealed considerable dilation of the heart, more 
on the right side than on the left. No mention 
was made of the presence or absence of gas bub- 
bles in the bloodstream (13). 

In a further study (12) in which dogs were 
decompressed to 70,000 feet (30 mm. Hg) in 
0.02 second, the problem of gas bubbles in 
the blood stream was dealt with. Blood was 
withdrawn through glass cannulae which were 
placed in the carotid artery and external 
jugular vein and from catheters placed in the 

heart and awta. Gas bubbles were also sought 
in vessels in regions of the leg from which the 
skin had been removed, and they were also 
sought at autopsy. In practically all the dogs 
studied, macroscopic gas bubbles issued from 
the vein, the artery, or from both in 5 to 45 
seconds following the decompression. Bubbles 
were also observed in samples of heart blood. 
In the exposed region of the leg, macroscopic 
gas bubbles were noted in small arteries within 
30 seconds after decompression and within 180 
seconds in veins. At autopsy, smal! bubbies 
were occasionally seen in the heart or in ad- 
jacent large vessels. It was postulated that  
cavitation from rapid changes in pressure and 
the turbulence in or near the heart might have 
accentuated bubble formation. The bubbles 
appeared to  form in the heart and pulmonary 
vessels, where turbulence is considerable, and 
at the bifurcation of arteries, blocking the cir- 
culation (12). 

In viewing the heart through a chest window 
following decompression to 70,000 feet (30 mm. 
Hg),  gas bubbles were noted in the coronary 
arteries in 30 seconds. X-rays also revealed 
gas in the right heart in 30 seconds and in the 
left heart in 1 minute (3). 

Thus, ample data indicate that gas bubbles 
circulate in the bloodstream under conditions 
in which vaporization of body fluids occurs. 
Presumably, the bubbles are initially composed 
of water vapor, then take up other gases avail- 
able in the bloodstream. The opinion that  the 
lesions of the spinal cord in our paralyzed dog 
were due chiefly to gas-bubble embolization 
appears borne out by previous studies (3, 
12, 13, 15). This animal was exposed to 
“vacuum” for 120 seconds. Recompression was 
comparatively slow-namely, in 30 seconds. 
This relatively long exposure to “vacuum” is 
probably an important factor in the generation 
of sufficient bubbles to  embolize the spinal 
cord. Why this particular dog was the only 
one that  became paralyzed remains unexplained. 

The present data seem to indicate that  ex- 
posure to “vacuum” for 120 seconds following 
explosive decompression, with a total of 150 sec- 
onds at lowered barometric pressure, may be 
near threshold for disabling spinal cord damage. 
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I t  may be concluded from these experiments 
that the morbidity incurred from exposure to 
atmospheric pressures less than 2 mm. Hg 
(150,000 feet) will primarily be proportional to 
the duration of anoxia if the time of decom- 
pression is not less than 0.2 second. If the 
exposure time exceeds 120 seconds, a significant 
number of deaths will occur. If the exposure 
is less than 90 seconds, however, only minor, 
transient changes may be anticipated. It is 

, 
possible that  permanent neurologic damage can 
occur if the exposure is sufficient to cause gas 
embolization. The relevance and application of 
this to future space hazards is self-evident, but 
the gap between possible anatomic damage and 
functional neurologic damage becomes more 
self-evident. Therefore, more study is needed 
on the effects of this type of insult on the 
functional operation of the central nervous 
system. 
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